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ABSTRACT 

MUS81 shares a high-degree homology with the cat- 
alytic XPF subunit of the XPF-ERCC1 endonuclease 
complex. It is catalytically active only when com- 
plexed with the regulatory subunits Mms4 or Eme1 in 
budding and fission yeasts, respectively, and EME1 
or EME2 in humans. Although Mus81 complexes are 
implicated in the resolution of recombination inter- 
mediates in vivo, recombinant yeast Mus81-Mms4 
and human MUS81-EME1 isolated from Esclierictiia 
coli fail to cleave intact Holliday junctions (HJs) in 
vitro. In this study, we show that human recombi- 
nant MUS81-EME2 isolated from E. co// cleaves HJs 
relatively efficiently, compared to MUS81-EME1. Fur- 
thermore, MUS81-EME2 catalyzed cleavage of nicked 
and gapped duplex deoxyribonucleic acids (DMAs), 
generating double-strand breaks. The presence of a 
5' phosphate terminus at nicks and gaps rendered 
DNA significantly less susceptible to the cleavage by 
MUS81-EME2 than its absence, raising the possibil- 
ity that this activity could play a role in channeling 
damaged DNA duplexes that are not readily repaired 
into the recombinational repair pathways. Significant 
differences in substrate specificity observed with un- 
modified forms of MUS81-EME1 and MUS81-EME2 
suggest that they play related but non-overlapping 
roles in DNA transactions. 

INTRODUCTION 

In human cells, more than six billion base pairs of deoxyri- 
bonucleic acid (DNA) must be replicated and packaged into 
chromosomes every cell division cycle. Completion of chro- 
mosomal DNA replication requires successful propagation 
of all repHcation forks (RFs). During DNA rephcation, RFs 
are likely to encounter numerous replication blockage sites 
caused by DNA damage or tightly bound proteins, inter- 
fering with the faithful dupHcation of genomic DNA (1,2). 



In order to cope with potential risks of genome instability, 
eukaryotic cells have developed several mechanisms to re- 
pair impaired RFs. When RFs encounter lesions in template 
DNA, RFs will be stalled or eventually broken. Such RF- 
associated double-strand breaks (DSBs) can be repaired by 
recombinational repair pathways (3,4). Alternatively, RFs 
can form chicken-foot structures that are similar to Holli- 
day junctions (HJs) by annealing regressed leading and lag- 
ging strands upon blockage of their progression due to le- 
sions (5,6). Such structures need to be resolved or reversed 
through junction migration prior to the re-establishment of 
functional RFs. The enzymatic activities normally required 
for resolution of recombination intermediates can also be 
used to restart impaired RFs. The resolution of four-way 
arm structures can be achieved by HJ resolvases, structure- 
selective endonucleases that introduce paired cleavages in 
the two opposing strands at the branch point of HJs (7). 
Reversal of the regressed RFs can be achieved by a specific 
set of DNA helicases that include a member of the RecQ 
helicases (8). 

HJ resolvases are universal, being found in a wide range 
of organisms such as bacteriophages, eubacteria, archaea, 
to eukaryotic viruses (7,9). They can be divided into two 
categories based on their in vitro substrate specificity. The 
first group, which includes bacterial RuvC, bacteriophage 
RusA, archaeal Hjc and mitochondrial CCEl proteins, has 
a stringent preference for HJs (10-12). In contrast, the sec- 
ond group including bacteriophage T4 endo VII and T7 
endo I enzymes displays reduced specificity; they are shown 
to cleave HJ as well as other branched DNA structures (7,9). 

Recently, two novel HJ resolvases that cleave HJs sym- 
metrically were identified in humans; GENl (13,14) and 
SLX1-SLX4 (15,16). GENl acts preferentially on 5'-flaps, 
RFs and HJ substrates and has the ability to dimerize 
on HJs and introduce the symmetrical dual incisions (14). 
SLX1-SLX4 plays an important role in the repair of DSBs 
and interstrand crosslinks, and its ortholog in Drosophila, 
MUS312, is critical for meiotic crossover formation (17). 
Another human endonuclease that acts as an HJ resolvase is 
MUS81-EME1, a member of the XPF family of structure- 
selective endonucleases (18). Human MUS81 forms stable 
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complexes with either EMEl or EME2. EME2 was identi- 
fied by its sequence similarity to EMEl and showed 44% 
identity with EMEl, with the highest homology located 
at the C-terminal region (19). The human MUS81-EME2 
complex was shown to process 3'-flap (3'F) substrates like 
human MUS81-EME1 (20). In parallel with the enzymatic 
cleavage of HJ structures, eukaryotic cells have a redundant 
pathway that does not involve a structure-specific nuclease. 
For example, double HJs arising during repair of impaired 
RFs can be resolved by the Sgsl-Top3-Rmil complex in 
Saccharomyces cerevisiae and the BLM-Top IIIa-RMIl- 
RMI2 complex in humans. This type of resolution, termed 
dissolution, does not rely on conventional HJ resolvase ac- 
tivity and always gives rise to non-crossover products (21). 

Substantial data indicate that the structure-selective en- 
donuclease activity of Mus81 is important for the repair of 
stalled RFs in somatic cells. In S. cerevisiae, mus81 mutants 
were sensitive to DNA-damaging agents including ultravio- 
let (UV) radiation, hydroxyurea, methylmethane sulfonate 
or camptothecin that cause RFs to stall or collapse (22- 
25). It was reported that the MusSl protein physically in- 
teracted with Cdsl, a DNA damage checkpoint kinase in 
Schizo saccharomyces pombe, and with Rad54, a recombina- 
tion protein in S. cerevisiae (22,23). In human cells, MUS81 
is mainly localized in nuclei and recruited to UV-induced 
damage sites in S-phase cells (26). These observations are 
in keeping with an in vivo role of MusSl in resolving abnor- 
mal structures including stalled RFs as suggested (27). 

It was shown that human recombinant MUSS 1 -EMEl 
efficiently cleaved branched DNA substrates such as 3'F, 
RF and nicked HJ (nHJ), but poorly (~75-fold less com- 
pared to nHJ) cleaved intact HJ (iHJ) structures (19). The 
presence of a mobile core junction at iHJ substantially 
(> 10-fold) increased the rate of cleavage. The strong pref- 
erence of nHJ over iHJ structure is characteristic of all 
known MusSl complexes including the recombinant S. 
cerevisiae MusSl-Mms4 and S. pombe MusSl-Emel com- 
plexes (24,2S-30). The low rate of cleavage of iHJ could be 
attributed to a nick-and-counternick mechanism, in which 
an initial nicking event at the junction is slow, but the sub- 
sequent nicking event is rapid (10). MUSSl-EMEl also in- 
teracts with the human SLX1-SLX4 complex, raising the 
possibility that these nucleases cooperate in processing HJs 
(15,16). In S. pombe, the phenotypes of the miisSl or emel 
(mms4 in S. cerevisiae) mutations, including sensitivity to 
DNA damaging agents and synthetic lethality with rqhl 
(sgsl in S. cerevisiae) mutations, are suppressed by the 
overexpression of RusA, a bacterial HJ resolvase (24). In 
humans immunoprecipitates of MUSS 1 complexes derived 
from HeLa cells were shown to cleave iHJ (31). These find- 
ings raise the possibility that an unidentified factor associ- 
ated with the MUSSl complex is required for the resolu- 
tion of iHJs in eukaryotes. The discrepancy in the ability to 
cleave iHJ between the highly purified recombinant and im- 
munoprecipitated (or partially purified) endogenous MusS 1 
complexes requires clarification as addressed in part here. 

In this report, we investigated the enzymatic properties 
of human MUSSl-EMEl and MUSS1-EME2 in order to 
give insight into their functional roles in vivo. We found that 
the recombinant MUSS 1-EME2 complex cleaved iHJ sub- 
strate in vitro in contrast to MUSSl-EMEl, indicating that 



the regulatory subunit affects the substrate specificity. In ad- 
dition, we discovered that MUSS1-EME2 cleaved nicked 
duplex (nDS) and gapped duplex (gDS) DNAs to form 
DSBs. Cleavage of nDS or gDS was significantly decreased 
by the presence of 5' phosphate ends at nicks or gaps. Du- 
plex DNAs with unligatable nicks were cleaved preferen- 
tially by the human MUSS 1-EME2 complex. Thus, this en- 
zymatic activity could contribute to the repair of some types 
of DNA damages by facilitating DSB-initiated homologous 
recombination. Our findings indicate that MUSS1-EME2 
plays a more versatile and dominant role, although not en- 
tirely distinct from, than MUSSl-EMEl in dealing with 
various aberrant structures that arise during DNA trans- 
actions. 

MATERIALS AND METHODS 

Chemicals, nucleotides, enzymes and DNAs 

The oligonucleotides used in this study were synthesized 
commercially by Bioneer and Genotech (Daejeon, Korea). 
Oligonucleotides longer than 30 nucleotides (nt) were gel- 
purified prior to use. The following proteins; Taq DNA 
polymerases, restriction endonucleases, T4 DNA ligase and 
polynucleotide kinase were purchased from Enzynomics 
(Daejeon, Korea). Nucleoside triphosphates were obtained 
from Sigma-Aldrich (St. Louis, MO, USA), [y-^^^ ATP 
(>5000 Ci/mmol) was purchased from IZOTOP (Budapest, 
Hungary). Isopropyl p-D-l-thiogalactopyranoside (IPTG) 
was from ElpisBiotech, Inc. (Daejeon, Korea) and imi- 
dazole (IDZ) was from Acros Organics (Geel, Belgium). 
The expression vectors (pET21d-MUSSl/His-EMEl and 
pET21d-MUSSl/His-EME2) used to prepare the MUSSl- 
EMEl /EME2 complexes were kindly provided by Dr 
Stephen C. West (London Research Institute, UK). In ex- 
pression vectors, 'His' before the name of proteins indicates 
that hexahistidine tags were fused to the N-terminus of the 
expressed proteins. 

Preparation of DNA substrates 

The oligonucleotides (and sequences) used for substrate 
preparations are listed in Table 1 . Schematic representation 
of DNA substrates and oligonucleotides used are shown in 
each figure. nDS or gDS DNA substrates were prepared as 
follows: one of the indicated oligonucleotides (20 pmol) was 
5'-labeled with 3.3 pmol of [-y-^^P] ATP and polynucleotide 
kinase according to the manufacturer s protocol. Labeled 
oligonucleotides were then annealed with the other two 
oligonucleotides at a molar ratio of 1 : 1 : 1 in 1 50-mM NaCl 
in TE buffer [10-mM Tris-HCl/pHS.O, 1-mM ethylenedi- 
aminetetraacetic acid (EDTA)] using a polymerase chain 
reaction (PCR) machine (95°C: 15 min; 65°C: 30 min; and 
— 0.5°C /S min to 25°C). For preparation of 3'F substrates, 
one of the indicated oligonucleotides was labeled as de- 
scribed above and annealed with the other two oligonu- 
cleotides at a molar ratio of 1.5 (the labeled one):2 (the 
other two). To prepare RF, regressed RFs, iHJ and nHJ 
substrates, one of the indicated oligonucleotides was labeled 
and annealed with the other oligonucleotides at the same 
molar ratio. The resulting substrates were gel-purified prior 
to use. 
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Table 1. Oligonucleotide sequences used in this study 



No. Nucleotide sequences (length in nt) Name 



] 


CGAACAATTCAGCGGCTTTAACCGGACGCTCGACGCCATTAATAATGTTTTC(52) 


729 


2. 


CGCATCCTATCAGTTCGTATGCAGTGTCCGGTTAAAGCCGCTGAATTGTTCG(52) 


Anti729-1 


3. 


CCGTTAGCAGTTCGCCTTGTGCCTAACTGCATACGAACTG ATAGGATGCG( 50 ) 


Anti 729-2+5TB 


4. 


GAAAACATTATTAATGGCGTCGAGCTAGGCACAAGGCGAACTGCTAACGG(50) 


5TY-1 


5. 


ACTGCATACGAACTGATAGGATGCG(25) 


Anti 729-2 


6. 


CCGTTAGCAGTTCGCCTTGTGCCTA(25) 


5TB 


7. 


GAAACATTATTAATGGCGTCGAGC(25) 


Anti 729-3 


8. 


GCTCGACGCCATTAATAATGTTTTC (25) 


729-no flap 



Purification of recombinant MUS81-EME2 

The recombinant human MUSS 1-EME2 complex was pu- 
rified as previously described (20,32) with the following 
modifications. The pET21d-MUS81/His-EME2 plasmid 
was transformed into Escherichia coli BL21-Codon plus 
(DE3) RIL (Stratagene) and cells (2 1) were grown at 30°C 
until an Aeoo value of 1.0. Cells were then induced with 
0.1 -mM IPTG (final concentration) for 3 h and harvested 
by centrifugation. The cell pellet was resuspended in 100 
ml of buffer P300 [50-mM sodium phosphate/pH 7.0, 300- 
mMNaCl, 10% glycerol, 0.1 %NP-40, 1-mMphenylmethly- 
sulfonyl fluoride and 0.1-mM benzamidine]. The subscript 
number in P300 indicates the concentration of NaCl in mM. 
Cells were then lysed using a Vibra cell sonicator (Sonics & 
Materials, Inc., CT, USA). After sonication, the cell extract 
was centrifuged for 50 min at 18 000 rpm and the super- 
natant loaded directly onto a 10-ml phosphocellulose col- 
umn (O 1.5 X 5.7 cm) pre -equilibrated with buffer P300. 
Bound proteins were eluted stepwise using buffers P300, P700 
and Piooo (50 ml each). Fractions eluting with buffer P700 
contained endonuclease activity detected with nHJ sub- 
strates. Peak endonuclease fractions were pooled and mixed 
with 3 ml of Ni^"^-NTA (nickel-nitrilotriacetic acid) agarose 
beads (Qiagen; Valencia, CA, USA). The agarose beads 
were collected and washed extensively with buffer P300. Pro- 
teins were then eluted successively with buffer P300 plus 50, 
70 and 300-mM IDZ. Fractions from each elution were as- 
sayed for endonuclease activity. The peak activity fractions 
were pooled and loaded directly onto a 1-ml heparin col- 
umn pre-equilibrated in buffer P300. Proteins bound to the 
heparin beads were eluted using a 35-ml linear gradient of 
buffer P containing 0.3-1.5-M NaCl, and the resulting frac- 
tions analyzed for endonuclease activity and protein. The 
eluted fractions containing the least contaminant proteins 
(eluting between 0.7 and 0.8 M NaCl) were collected, and an 
aliquot (250 |xl) was subjected to glycerol gradient sedimen- 
tation (5 ml, 15-35% glycerol in buffer P300) at 55 000 rpm 
for 24 h in a SW55 Ti rotor (Beckman). Fractions (~250 |Jtl 
each) were collected from the bottom of the tube and stored 
as aliquots at — 80°C until use. Protein levels were measured 
using a Bio-Rad protein assay kit with bovine serum albu- 
min (BSA) as standard during each purification step. For 
an accurate comparison of specific activities of the MUS81 
complexes, we performed quantitative densitometric deter- 
mination of the concentrations of each complex with BSA 
as control. MUS81 complexes are heterodimeric and there- 



fore the level of the complex used in the experiments de- 
scribed represents moles of heterodimers. 

Nuclease assay 

Standard nuclease assays were performed in reaction mix- 
tures (20 |jl1) containing 25-mM Tris-HCl/pH 8.0, 1-mM 
MgCl9, 0.2-mM dithiothreitol (DTT), 0.1-mg/ml BSA, 
0.1% NP-40, 5% glycerol, 30-mM NaCl and 15 fmol of 
DNA substrate. MUS81-EME2 was diluted in buffer T300 
(50-mM Tris-HCl/pH 7.5, 300-mM NaCl, 1-mM DTT, 0.1- 
mg/ml BSA and 25% glycerol) prior to its addition to reac- 
tion mixtures. Reaction mixtures were incubated at 37°C for 
30 min, and reactions terminated with 4 |jl1 of 6X stop solu- 
tion [60-mM EDTA/pH 8.0, 40% sucrose, 1.2% sodium do- 
decyl sulphate (SDS), 0.05% bromophenol blue and 0.05% 
xylene cyanol]. Products were subjected to electrophoresis 
through either 10% non-denaturing (40 min, 130 V) or 15% 
denaturing (plus 7-M urea; 90 min, 30 W) polyacrylamide 
gel in IX TBE (89-mM Tris-base, 89-mM boric acid and 2- 
mM EDTA). The gels were dried on DEAE-cellulose pa- 
per and autoradiographed. Labeled DNA products were 
quantified using a phosphor imager (BAS-1500, Fujifilm). 
When two products were formed, the amounts of both slow- 
migrating (large) and fast-migrating (small) products were 
determined and are indicated in each figure. Error bars 
were included when experiments were carried out more than 
three times, e.g. in the graphs of Figures 6B and 7B. For the 
rest of the graphs shown, we used the most representative 
one. 

RESULTS 

Purification of the recombinant MUS81-EME2 complex 

In order to gain insight into the physiological role of the 
two human MUS8 1 complexes, we decided to compare bio- 
chemical properties of recombinant human MUS81-EME1 
and MUS81-EME2 isolated from E. coli. For this purpose, 
we expressed and purified recombinant human MUS81- 
EME1/EME2 complexes to near homogeneity. While puri- 
fying the complexes, we noted that MUS81-EME2 cleaved 
iHJ structure in contrast to MUS81-EME1 (data not 
shown; see below). This finding prompted us to purify the 
MUS81-EME2 complex more rigorously using two addi- 
tional purification steps; heparin-column chromatography 
and glycerol gradient sedimentation. The active fractions 
obtained with 300-mM IDZ from the Ni^^-NTA affinity 
column were pooled (Fraction III; Figure lA) and loaded 
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onto a heparin column. The column was then eluted with a 
linear gradient of 0.3-1.5-M NaCl (Figure lA). The result- 
ing fractions were analyzed for both MUS81-EME2 pro- 
teins and iHJ-cleavage activity. We found that HJ-cleavage 
activity copurified with the MUS81-EME2 complex (data 
not shown). The peak of this activity eluted between 0.7 
and 0.8 M of NaCl (Fraction IV; Figure lA), however, still 
contained two additional polypeptides as major contami- 
nants (Figure IB, lane 1). In order to verify that MUS81- 
EME2 was responsible for the cleavage of iHJ as well as to 
remove the two contaminating polypeptides, an aliquot (250 
|jl1) of Fraction IV was subjected to 15-35% glycerol gra- 
dient sedimentation. As shown in Figure IB, the MUS81- 
EME2 complex was well separated from the two contami- 
nated polypeptides. Like all the other Mus8 1 complexes, the 
two subunits in the complex displayed a 1 : 1 stoichiometric 
ratio in densitometric analyses with BSA as control. 

Endonuclease activities of MUS81-EME2 complex 

We first checked for endonuclease activities across the glyc- 
erol gradient fractions using the iHJ substrate (Figure IC). 
When 15 fmol of the iHJ substrate was incubated with 0.02 
|xl (1 |xl of 50-fold diluted fraction) of every other fraction 
in the standard reaction condition, the amount of prod- 
ucts formed was proportional to the level of MUS8 1-EME2 
complex present in the glycerol gradient fractions, indicat- 
ing that HJ-cleavage activity is intrinsic to the MUS81- 
EME2 complex (Figure IC). We noticed that the gDS prod- 
ucts (the first cleavage products from HJ) were further 
cleaved to smaller DNA upon prolonged incubation (data 
not shown; see below) or by high enzyme levels such as the 
load-on control (Figure IC, lane 2). 

The same experiment was repeated with a 3'F substrate, 
the most efficient substrate for all known MUS8 1 endonu- 
cleases (Figure ID). As expected, the cleavage efficiency of 
the 3'F substrate was significantly higher than that of the 
iHJ substrate. The addition of 0.02 |xl of glycerol fractions 
11 and 13 in reactions resulted in saturation for the cleav- 
age of the 3'F substrate (Figure ID, lanes 8 and 9), while 
leading to the quantitative cleavage of ~50% (7.5 fmol) and 
~30% (4.9 fmol), respectively, of the iHJ substrate used 
(Figure IC, lanes 8 and 9). Additional cleavage products 
were markedly increased with the 3'F substrate (compare 
lanes 2 and 7-9 in Figure IC and D). The sum of the two 
products formed was proportional to the level of proteins in 
the fractions, indicating that MUS81-EME2 was responsi- 
ble for this activity as well. To verify that gDS DNAs were 
cleaved by MUS81-EME2, nDS or gDS substrates were 
prepared and analyzed in a similar experiment. We noticed 
that the cleavage activity with the two substrates was also in- 
trinsically associated with human MUS81-EME2 (data not 
shown; see below). These results demonstrate that the re- 
combinant human MUS8 1-EME2 complex is able to cleave 
iHJ and nDS or gDS substrates, while human MUS81- 
EMEl complex or other yeast Mus81 complexes {S. cere- 
visiae Mus81-Mms4 or S. pombe Mus81-Emel) are not 
(10,19,24). 

In order to more clearly define substrate specificity of 
MUS81-EME2, we carried out kinetic analyses to deter- 
mine and Fmax of MUS81-EME2 for 3'F and iHJ sub- 
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Figure 1. Purification of the recombinant human MUS81-EME2 com- 
plex from E. coli extracts that contains intrinsic endonuclease activity 
which can cleave intact Holliday junction (iHJ). (A) The purification 
scheme used to purify the recombinant human MUSS 1 -EME2 complex. 
The recombinant human MUS81-EME2 was expressed in E. coli and pu- 
rified using the same procedure as reported (20,32), but modified by the 
introduction of two additional purification steps (see text for details). Pll, 
Ni^''"-NTA and heparin indicate phosphocellulose, Ni^'''-NTA affinity and 
heparin column chromatography, respectively. IDZ, imidazole. Glycerol 
gradient indicates the final purification procedure using glycerol gradient 
sedimentation. Fraction I is the crude extract prepared from E. coli car- 
rying the bicistronic vector pET21d-MUS81/His-EME2 (20), and other 
fractions from each step are as indicated. (B) An aliquot (250 of Frac- 
tion IV from heparin column chromatography was subjected to glycerol 
gradient sedimentation and the resulting fractions were analyzed in a 1 0% 
SDS-PAGE and the gel was stained with Coomassie Brilliant Blue R-250. 
The sizes of molecular mass markers are indicated in kDa. The positions 
of MUS81 and EME2 are as indicated. LO, load-on. (C) and (D) A fixed 
amount (15 fmol) of intact iHJ [panel (C)] and 3' flap (3'F) [panel (D)] 
substrates was incubated with 0.02 jjlI (1 |jl1 of 50-fold dilution) of the indi- 
cated glycerol gradient fractions of MUSS 1-EME2 at 37°C for 30 min. The 
schematic structures of the substrate and marker DNA are shown at the 
right side of the gel. The DNA substrates used were prepared as described 
in the Materials and Methods section. Asterisks indicate the position of 
the 5'-^^^P label. Two marker DNAs (2-nt gapped 50-bp linear and 25-bp 
linear duplex DNA) were used as indicated to monitor the migration of 
DNA products. Reaction products were subjected to 10% polyacrylamide 
gel electrophoresis (PAGE) in IX TBE at 130 V. The amount of cleavage 
product formed is indicated at the bottom of the gel. LO, load-on (Fraction 
IV in Figure lA). 



strates. As summarized in Table 2, MUS81-EME2 showed 
a 2-fold higher Fmax value with 3'F than with iHJ, but dis- 
plays a lower for iHJ. The values ^cat and catalytic effi- 
ciency (Ku/kc^t) of MUS81-EME2 for 3'F were 10- and 5- 
fold higher, respectively, than those for iHJ (Table 2). These 
results demonstrate that MUS8 1 -EME2 is able to utilize the 
3'F markedly more efficiently over the HJ substrate. In this 
regard, human MUS81-EME2 retains a substrate prefer- 
ence similar to that observed previously with yeast Mus81- 
Mms4 (30). 
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Figure!. Comparison of endonuclease activities of human MUS81-EME1 and MUS81-EME2 complexes. Standard endonuclease assays were performed 
witli 15 fmol of 3'F (A) and (B), nDS (C) and iHJ (D) substrates in the presence of varying amounts (10, 20 or 40 fmol) of MUS81-EME1 and MUS81- 
EME2 complexes. Assays were performed at 37°C and reactions were stopped at the indicated time points (1, 2, 4, 8, 15 and 30 min). Addition or omission 
of MUSS 1 -EME2 is indicated by '+' or '— ', respectively. DNA substrates and the marker DNAs are shown at the right side of the gel. The amount of 
cleavage product formed is indicated at the bottom of the gel. Asterisks indicate the position of the 5'-'-P label. (B)-(D) The amount of cleavage products 
was plotted against the time of incubation. 
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Figure 3. Human MUSS 1 -EME2 processed different RF structures. (A) Standard endonuclease assays were performed with 15 fmol of 3'F, RF, Rle 
and Rla substrates in the presence of increasing amount (5, 10 and 20 fmol) of MUSS 1 complexes. The substrates used are indicated at the top of the 
gel. Asterisks indicate the position of the 5'-'^P label. Reaction mixtures were incubated at 37°C for 30 min. (B) The same reaction as in panel (A) was 
repeated with differently labeled Rla and Rle substrates. Rla and Rle substrates (10 fmol) were incubated with increasing amounts (1, 5 and 25 fmol) of 
MUSS1-EME2 at 37°C for 60 min. Omission of protein is indicated by '— '. The structures of the DNA substrates used are shown at the top of the gel. 
Shown at the left and right of the gel are the structures of cleavage products. The amount of cleavage products is indicated at the bottom of the gel. The 
primary and secondary cleavage sites are indicated by the solid and open arrows, respectively, for each substrate used. (C) The reaction mixtures incubated 
with 25 fmol of MUSS 1-EME2 and each substrate as indicated above the gel were stopped by the addition of 2X stop solution (95'/o formamide, 20-mM 
EDTA, 0.1"/o bromophenol blue and 0.1"/o xylene cyanol) after 60 min of incubation at 37°C, and cleavage products were subjected to 15% denaturing 
PAGE containing 7-M urea. The molecular size markers are synthetic oligonucleotides labeled at their 5' ends, and their size (nt) is indicated. 



Optimal reaction conditions for MUS81-EME2 complex 

Prior to characterize the enzymatic activities of the human 
MUS81-EME2, we determined the optimal reaction condi- 
tions for this enzyme. We examined the influence of salts, 
divalent metal ions and pH on its enzymatic activity. With 
3'F and iHJ substrates (15 fmol each), the optimal activ- 
ity was detected from 30 to 50-mM NaCl with pH between 



7.5 and 8.5 (data not shown). The influences of temper- 
ature and time of incubation on the endonuclease activ- 
ity were also examined; MUS81-EME2 was most stable at 
30°C than 37°C, but remained active at 37°C up to 30 min 
of incubation (data not shown). Mg-"^ and Mn^"^ supported 
the cleavage of iHJ by MUS81-EME2, though their opti- 
mal concentrations differed, ranging from 0.5 to 2 mM and 
from 0.25 to 0.5 mM, respectively (Table 3). Co^"^ supported 
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Figure 4. Analysis of cleavage of each strand in an nDS DNA substrate by human MUS81-EME2. (A) Reaction mixtures containing 15 fmol of one of 
the nDS (nDSl, nDS2 and nDS3) substrates and increasing amounts (5, 10, 20 and 40 fmol) of MUS81-EME2 were incubated at 37°C for 30 min. The 
cleavage products were subjected to 15% denaturing PAGE. The molecular mass markers are as described in Figure 4C. Asterisks indicate the position of 
the '^P-label.(B) The cleavage sites of MUS81-EME2 on the nDS substrate are indicated by arrows; longer arrows indicate more preferred cleavage sites. 



the cleavage of iHJ substrates only at low levels (0.25 mM), 
but less efficiently compared to Mn^^ and Mg-"^, while Ca^"^ 
and Zn^^ were inactive (Table 3). We noted that MUS81- 
EME2 cleaved the 3'F and iHJ substrates somewhat non- 
specifically in the presence of Mn^"^, in keeping with a pre- 
vious report for other Mus81 enzymes (33). Based on these 
finding, the standard reaction mixtures and reaction con- 
ditions were determined as described in the Materials and 
Methods section and used in all subsequent studies. 

Comparison of substrate specificity of MUS81-EME1 and 
MUS81-EME2 

Compared to the well-studied Mus81 complexes (includ- 
ing S. cerevisiae Mus81-Mms4, S. pombe Mus81-Emel and 
human MUS81-EME1), human MUS81-EME2 has been 



poorly characterized. Therefore, we examined the endonu- 
clease activities of the two human MUS8 1 complexes iso- 
lated from E. coli to better understand their biochemical 
properties. To this end, we first examined their substrate 
specificities using different DNA substrates. In the presence 
of low levels (10 fmol) of enzyme, the 3'F substrate was ef- 
ficiently cleaved by MUS81-EME2, while much less so by 
MUS81-EME1 (Figure 2A, compare lanes 2-8 and 9-15; 
Figure 2B) (20). MUS81-EME2 cleaved the 3'F substrate 
at least >50-fold faster (8.3 x 10"^ s" versus 1.4 x 10"^ s") 
than MUS81-EME1 (Figure 2B). In keeping with the above 
results (Figure ID), MUS81-EME2 produced two cleavage 
products (Figure 2A, lanes 9-15 and 24-30), while MUS81- 
EMEl formed only gDS products (Figure 2A, lanes 17- 
28). More marked substrate specificity was observed with 
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Figure 5. The presence or absence of 5' phosphate at a nick influences the cleavage of duplex DNA by MUS81-EME2. (A) Endonuclease assays were 
performed using 15 fmol of unligatable (no phopshpate residue at the nick) or ligatable (+5' phosphate at the nick) nDS and 30 fmol of MUS81-EME2. 
The structures of DNA substrates are shown at the top of the gel. An open circle indicates a phosphoryl group. Reactions were stopped at the indicated time 
points (1, 2, 4, 8, 15 and 30 min). (B) The amount of cleavage products formed in panel (A) was plotted against incubation time. (C) The same reaction as 
in panel (A) was repeated with 15 fmol of 3'F with and without a phosphoryl group at the 5' end at the nick of junction. The structures of DNA substrates 
used are shown at the top of the gel. An open circle indicates a phosphoryl group. (D) Endonuclease assays were performed using a fixed amount (30 fmol) 
of MUS81-EME2 and 15 fmol of gapped duplexes (gDS) of varying length (1-10 nt) of gap, with or without a 5' phosphate at the 5' end of the downstream 
oligonucleotide. The structure of the gDS substrate is shown at the top of the gel. X indicates the upstreain strand of varying size. The gap size of each 
substrate used is as indicated. Addition or omission of MUS81-EME2 and the 5' phosphoryl group (5' PO4) are indicated by '+' or '— ', respectively. The 
marker DNA (25-bp linear duplex) is shown at the right side of the gel. The amount of cleavage products formed is indicated at the bottom of the gel. 
Asterisks indicate the position of the 5'-^-P label. 
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Figure 6. Analysis of HJ cleavage activity of recombinant MUS81-EME2. (A) The structures of DNA substrates used are shown at the top of the gel. An 
open circle indicates a phosphoryl group. Three substrates including iHJ, nHJ (no 5' PO4) and nHJ (+5' PO4) (15 fmol each) were incubated with increasing 
amounts (2.5, 5, 10 and 20 fmol) of MUS81-EME2 and the products analyzed as above. Marker DNAs are shown at the right side of the gel. Asterisks 
indicate the position of the 5'-'^P label. The amount of cleavage products is indicated at the bottom of the gel. (B) The amount of cleavage products formed 
in panel (A) was plotted against the amount of MUSS 1 -EME2 added. (C) The same reactions as in panel (B) were repeated and products were subjected 
to 15% denaturing PAGE. The molecular mass markers are as described above. Omission of MUS81-EME2 is indicated by '— '. 
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Figure 7. Cleavage sites of human MUS81-EME2 on iHJ. (A) Endonuclease assays were performed as described in the Materials and Methods section 
using four differently labeled iHJ substrates (iHJI, iHJ2, iHJ3 and iHJ4). Reaction mixtures containing 10 fmol of each iHJ substrate and increasing 
amounts (10, 30 and 90 fmol) of MUS81-EME2 were incubated for 60 min at 37°C. DNA substrates used are shown at the top of the gel. The three marker 
DNAs (2-nt gapped 50-bp linear duplex, 25-bp linear duplex and 25-nt ssDNA) are shown at the right side of the gel. Asterisks indicate the position 
of the 5'-^^P label. The amount of cleavage products is indicated at the bottom of the gel. (B) The amount of cleavage products formed in panel (A) was 
plotted against the amount of MUS81-EME2 added. (C) The products were subjected to 15% denaturing PAGE. The molecular mass markers are synthetic 
oligonucleotides labeled at their 5' ends, and size (nt) is indicated. (D) The sites on the iHJ substrate cleaved by MUS81-EME2 are indicated by arrows. 
Longer arrows indicate preferred cleavage sites. 
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Table 2. Kinetic parameters for MUSS 1 -EME2 endonuclease activity^ 



Substrate used 


f^maxCnMrnin ') 


Km (nM) 


A'cat (min ') 


A'cat/^M (nM 1 min-i) 


3'F 


2.12 ±0.29 


1.02 ±0.59 


21.24 ± 1.18 


20.78 ± 0.03 


iHJ 


1.12±0.11 


0.52 ± 0.06 


2.24 ±0.12 


4.31 ± 0.80 



"Endonuclease assays were performed using varying amounts (5, 10, 20 and 40 fmol) of each substrate and a fixed amount (2 tmol with 3'F and 10 fmol 
with iHJ) of MUS81-EME2. A master mix (200 for each level of substrate was assembled on ice and reaction was initiated by the addition of 1-mM 
MgCl2 (final concentration), followed by incubation at 37°C. An aliquot (20 |jl1) was withdrawn to a tube containing 4 jjlI of a 6X stop solution at indicated 
time points (0, 1, 2, 4 and 8 min). The inverse initial velocity (l/Vo) was plotted against the inverse of the substrate concentration (l/[5]), and the values of 
Km and K^ax were calculated by nonlinear regression. The values were obtained by determining initial rates of cleavage of varying concentrations of the 
3'F and iHJ substrates by MUS81-EME2 and represent mean standard deviations of three independent experiments. 



Table 3. Optimal concentrations of salts and divalent metal ions for MUS81-EME2 



Substrate 


Additions or omissions 


Concentration (mM, final) 


Substrate cleaved (%) 


3'F 


Complete" 




100** 




Complete + NaCl 


50, 100 


290, 91 




Complete + omit MgCh 




<1 




Omit MgCl2 + MnCl2 


0.25, 1 


114, 85 




Omit MgCh + CaCl2 


0.25, 1 


<1 




Omit MgCh + ZnCl2 


0.25, 1 


<1 




Omit MgCl2 + C0CI2 


0.25, 1 


67, 7 


iHJ 


Complete 




100*** 




Complete + NaCl 


50, 100 


80, 7 




Complete + KCl 


20, 70 


112, 30 




Complete + CHsCOONa 


20, 70 


126, 50 




Complete + omit MgCh 




<1 




Omit MgCl2 + MnCl2 


0.25, 1 


105, 75 




Omit MgCb + CaCl2 


0.25, 1 


<1 




Omit MgCl2 + ZnCl2 


0.25, 1 


<1 




Omit MgCl2 + C0CI2 


0.25, 1 


38, <1 



"Complete reactions contained 25-mM Tris-HCl/pH8.0, 1-mM MgCh, 30-mM NaCl and 15 fmol of 3'F or iHJ substrates in the presence of 4 or 20 fmol, 
respectively, of the recombinant MUS81-EME2 enzyme, followed by incubation at 37°C for 30 min. The amount of each substrate cleaved in the complete 
reaction was 3.4** and 5.8 fmol***, respectively, with the 3'F and iHJ substrate. 



the nDS substrate, being cleaved only by MUS81-EME2 
(Figure 2C). No cleavage products were formed by MUS81- 
EMEl. Even higher levels (~100 fmol) of protein failed 
to yield cleavage products from nDS substrate (data not 
shown). 

Similar experiments were carried out using an iHJ sub- 
strate (15 fmol) that was incubated with two different lev- 
els (20 and 40 fmol) of the MUS81 complexes. Under these 
conditions, only MUSS 1-EME2 cleaved iHJ, while no cleav- 
age products were detected with MUS81-EME1 (Figure 
2D). We noted that formation of second cleavage products 
with the iHJ substrate was significantly lower than that pro- 
duced with the 3'F substrate. This difference could be at- 
tributed to the fact that the gDS products, the first cleav- 
age products formed from iHJ substrates, differ from those 



produced from synthetic nDS or gDS DNA substrates (see 
below); they are a non-ligatable mixture of a gapped DNA 
duplex with short 5'-flap single-stranded DNA (ssDNA), in 
which the size of the gap and 5' flap varies [data not shown 
(31)]. 

MUS81-EME2 resolves regressed RFs 

We also examined whether recombinant human MUS81- 
EMEl and MUS81-EME2 cleaved RFs or related struc- 
tures, including lagging strand regressed RFs (Rla) and 
leading strand regressed RFs (Rle). For this purpose, three 
different RF model substrates were prepared and each 
substrate (15 fmol each) was incubated with increasing 
amounts (5, 10 and 20 fmol) of the human MUS81 com- 
plexes (Figure 3A). In this experiment, the 3'F substrate 
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was used as a positive control (Figure 3A, lanes 1-7). Both 
MUS81-EME1 and MUS81-EME2 cleaved RF and Rle 
substrates with efficiencies similar to those observed with 
the 3'F substrate: as expected, MUS81-EME2 cleaved the 
3'F, RF and Rle substrates more efficiently (3-4-fold) than 
MUS81-EME1 (Figure 3 A, lanes 1-21) and produced both 
gapped-linear and short-linear duplexes (Figure 3A, lanes 
5-7, 12-14 and 19-21). MUS81-EME1 cleaved the Rla sub- 
strate poorly (<15% compared to Rle) (Figure 3 A, lanes 
23-25); in contrast, MUS81-EME2 cleaved this substrate 
relatively efficiently (Figure 3A, lanes 26-28). The cleav- 
age of Rla by MUS81-EME2 was surprising since it lacked 
a 5' end near the junction. It was previously shown that 
MUS81 -catalyzed junction cleavage is directed by the pres- 
ence of a 5' end at or near junctions in substrates (25). 
However, more careful quantitative analyses revealed that 
the relative locations of 5' ends with respect to the 3'F did 
not alter the cleavage site selection in the 3'F substrates, 
although they affected cleavage efficiency to some extents 
(34). 

We examined this unexpected activity in more detail 
and compared the cleavages of Rla and Rle substrates by 
MUS81-EME2. Two differently labeled Rla and Rle sub- 
strates (Rial /Rla2 and Rlel /Rle2), as shown in Figure 3B, 
were prepared; we found that all four substrates were simi- 
larly cleaved by MUS81-EME2. Like the results described 
above (Figure 3A, lanes 26-28), MUS81-EME2 cleaved 
both Rial and Rla2 and yielded two species of products: a 
major fast-migrating 5'-overhanged partial duplex and one 
that was slow migrating in a diffusive way (Figure 3B, lanes 
1-8). Analyses of cleavage products using high-resolution 
gel electrophoresis revealed that the cleavage occurred in 
only one strand (Figure 3C, lanes 1^). MUS81-EME2 
cleaved the fully duplexed-labeled strand in Rial predom- 
inantly at one site close to the junction (Figure 3B, lanes 
1-2; indicated by an arrow in Figure 3B), but not the la- 
beled strand containing a 5'-free ssDNA (Figure 3C, lanes 
3-4). In contrast, cleavage of both Rlel and Rle2 substrates 
yielded two distinct products: a gDS and a short linear du- 
plex (Figure 3B, lanes 9-16). In Rlel, the first cleavage oc- 
curred over a broad region of the duplex arm (indicated by 
a sohd arrow in Figure 3B, lanes 9-12; Figure 3C, lanes 5- 
6), while the second cleavage (indicated by an open arrow in 
Figure 3B) occurred close to the junction (Figure 3C, lanes 
7-8). These data indicate that MUS81-EME2 can process 
a variety of branched structures, suggesting that MUS81- 
EME2 can play versatile roles in DNA transactions, which 
need to be clarified in the future. 

MUS81-EME2 cleaves two strands among three strands 
present in an nDS 

As described above, we detected significantly lower levels of 
the second cleavage products formed from iHJ by MUS81- 
EME2 compared to those obtained from 3'F (compare Fig- 
ure IC and D) or nDS/gDS substrates (data not shown; see 
below). Although the first product formed from iHJ or 3'F 
is similar to synthetic nDS or gDS substrates in structure, 
they could differ from each other with regard to a phospho- 
ryl group at the 5' end at the nick or gap. To address this, 
we analyzed the pattern of cleavage of synthetic nDS sub- 



strates by MUS81-EME2. Three substrates (nDSl, nDS2 
and nDS3) were prepared that differed in the position of 
a ''^P-label at the three 5' ends present in nDS (Figure 4A). 
We incubated each substrate with increasing amounts of en- 
zyme and analyzed the products formed using a 1 5% dena- 
turing gel (Figure 4A). This revealed the following: (i) the 
cleavage detected in the upstream strand occurred primar- 
ily near the nick and proceeded in the 3' to 5' direction in 
the presence of increasing amounts of enzyme (Figure 4A, 
lanes 1-5), resulted in large gaps. The major sites cleaved 
by MUS81-EME2 in the upstream strand are indicated in 
Figure 4B. This cleavage pattern is similarly observed with 
the budding and fission yeast Mus8 1 complexes, which can 
produce large gaps with nicked DNA substrates (10,25). (ii) 
The downstream strand, however, was hardly cleaved (Fig- 
ure 4A, lanes 6-10). (iii) The template strand was cleaved at 
three major sites near the nick (Figure 4A, lanes 11-15, 1-to 
3-nt away from the nick as shown in Figure 4B). This activ- 
ity appears unique to human MUS81-EME2 and indicates 
that it can generate DSBs from nDS substrates. 

MUS81-EME2 preferentially cleaves nDSs lacking a 5' 
phosphate at the nick 

We examined the influence of a 5' phosphate on the cleavage 
at the template strand by MUS81-EME2. Two nDS sub- 
strates were prepared that were labeled at the 5' end of the 
template strand, but differed only in the presence or ab- 
sence of a phosphoryl group at the 5' end of the downstream 
oligonucleotides (Figure 5A). Time-course experiments re- 
vealed that MUS81-EME2 cleaved the nDS substrate lack- 
ing a 5' phosphate residue at the nick more efficiently (~5- 
fold) than the one containing a 5' phosphate (Figure 5A, 
compare lanes 1-8 and 9-16; Figure 5B). We also analyzed 
the cleavage products and found that the presence of the 
5' phosphate at the nick did not alter the cleavage pattern 
of the template strand (data not shown). We also exam- 
ined whether the position of the phosphate in the nick af- 
fected template strand cleavage using an nDS substrate con- 
taining a phosphoryl group at the 3' end of the upstream 
strand. When the same experiment as described in Figure 
5A was carried out, rates of cleavage of the two substrates 
were nearly identical (data not shown). These results indi- 
cate that MUS8 1 -EME2 recognizes and is influenced by the 
5' phosphate of the downstream strand, but not by the 3' 
phosphate of the upstream strand. This result further indi- 
cates that the presence and location of a phosphate in the 
nick affects markedly the cleavage of the template strand. 

Since it was known that the cleavage of 3'F substrate by 
MUS81 complexes is driven by a 5' end at or near junc- 
tion (25), we investigated whether the presence of a phos- 
phoryl group at the 5' end of the junction could affect the 
cleavage efficiency. Two 3'F substrates, one with a 5' phos- 
phate in the downstream strand (Figure 5C, lanes 1-8) and 
the other devoid of a 5' phosphate, were prepared (Figure 
5C, lanes 9-16). As shown, cleavage of the 3'F strand was 
not affected by the presence of a phosphate group at the 
junction; the total level of cleavage products formed with 
these substrates was almost comparable (Figure 5C). How- 
ever, short duplex DNA products (the second product) were 
more efficiently produced from the 3'F substrate lacking a 
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5' phosphate (Figure 5C, compare lanes 1-8 and 9-16), in- 
dicating that the absence or presence and the relative posi- 
tion of a phosphoryl group at a nick could affect the cleav- 
age of gDS DNA by MUS81-EME2. In order to confirm 
this and evaluate the influence of the gap size on template 
strand cleavage, two sets of gDS substrates containing in- 
creasing sizes of gaps (1-10 nt) with or without a phosphate 
at the 5' end of the downstream strand were prepared (Fig- 
ure 5D). Gap sizes were adjusted by changing the length 
of the upstream oligonucleotide (indicated as X in Figure 
5D). All substrates tested contained the same downstream 
and template strands. When each of the gDS substrates (15 
fmol) and MUS81-EME2 (30 fmol) were incubated for 30 
min at 37°C, substrates lacking a 5' phosphate residue at 
the 5' end of the downstream strand were cleaved more effi- 
ciently than those with a 5' phosphate regardless of the gap 
size (Figure 5D). Approximately, 1/3 and 1/10 of all gDS 
substrates were cleaved in the absence and presence, respec- 
tively, of a 5' phosphate (Figure 5D). This result indicates 
that it is the presence of a 5' phosphate residue, not the gap 
size, that influences the cleavage of gDS DNA. 

MUS81-EME2 cleaves a variety of HJ substrates 

It was shown previously using the S. pombe Mus81-Emel 
complex that the presence of a 5' phosphate at the nick 
of the junction in nHJ affected cleavage site selection, 
but not cleavage efficiency (35). In order to investigate 
whether the 5' phosphate at the nick affected the human 
recombinant MUS81-EME2 cleavage activity, three differ- 
ent HJ derivatives were prepared: iHJ and two types of 
nHJs (one with and the other without a 5' phosphate at 
the nick; Figure 6A). We compared the efficiency of cleav- 
age of these three substrates by incubating each substrate 
(15 fmol) with increasing levels (2.5-20 fmol) of unmodi- 
fied MUS81-EME2. In keeping with our previous results, 
MUS8 1-EME2 cleaved nHJ more efficiently (2-4-fold) than 
iHJ (Figure 6A, compare lanes 1-5 and 6-15; Figure 6B). 
MUS81-EME2 cleaved both types of nHJs with compara- 
ble efficiency (Figure 6A, compare lanes 6-10 and 11-15), 
in accord with the previous finding (35). However, we noted 
a marked difference in the type of products formed from the 
two nHJ substrates (Figure 6A, compare lanes 6-10 and 10- 
15), although the total amount of cleavage products formed 
remained relatively unaffected (Figure 6B, compare open 
and semi-solid circles). The amount of the second cleav- 
age products (short duplex DNAs) formed from nHJ con- 
taining a ligatable nick was significantly lower than that 
formed from nHJ containing a nick devoid of a 5' phos- 
phate residue (Figure 6A, lanes 6-10 and 11-15). This is 
consistent with our finding that MUS8 1-EME2 cleaves nDS 
substrates lacking a 5' phosphate in the nick more efficiently 
(Figure 5A). 

Although the presence of a 5' phosphate at the nick did 
not affect the overall cleavage efficiency, it could influence 
the cleavage site selection as reported (35). We analyzed the 
cleavage pattern of products derived from each substrate 
radiolabeled at the 5' end of the same strand (Figure 6C). 
This analysis revealed that multiple cleavage products were 
formed from each substrate; cleavage occurred 1-10-nt dis- 
tal from the junction point of HJ substrates (Figure 6C). 



The most significant difference observed was that in the ab- 
sence of a 5' phosphate residue, cleavage occurred near the 
junction point of nHJ with two main cleavage sites (Figure 
6C, lanes 7-10). In the presence of a 5' phosphate residue in 
the nick, cleavage sites in the labeled strand were detected 
farther away from the junction toward the arm end, produc- 
ing predominantly shorter products (Figure 6C, compare 
lanes 6-10 and 11-15). 

Mapping of the cleavage sites on each arm of an iHJ 

We found that the presence of a nick and the nature of 
its end (e.g. ligatable versus unligatable) at the junction in 
an HJ substrate affected both cleavage efficiency and cleav- 
age site selection (Figure 6). Therefore, we determined the 
cleavage sites on each arm of the iHJ substrate that lacks a 
nick altogether. For this purpose, four iHJ substrates (iHJl, 
iHJ2, iHJ3 and iHJ4), each with a differently labeled strand, 
were prepared (Figure 7A). Each substrate (10 fmol) was in- 
cubated with three different concentrations (10, 30 and 90 
fmol) of MUS81-EME2 and the cleavage products formed 
were analyzed in native and denaturing gels. As shown in 
Figure 7B, the total amount of cleavage products formed 
from each iHJ substrate was similar as expected from the 
fact that these substrates are identical except for the posi- 
tion of radiolabel. All four iHJ substrates produced three 
types of products, which varied markedly depending on the 
labeled strand used (Figure 7A, compare lanes 1-4, 5-8, 9- 
12 and 13-16). For example, formation of the smallest prod- 
uct was most prominent with iHJ4 (Figure 7A, lanes 13-16), 
while formation of the gDS product was most efficient with 
iHJl (Figure 7A, lanes 1^). The fastest-migrating prod- 
ucts, especially prominent in lanes 14-16 (Figure 7A), are 
most likely short ssDNA dissociated from the linear duplex 
products after the secondary 3'-to-5' directional degrada- 
tion of the upstream strand by MUS81-EME2 in keeping 
with the result shown in Figure 4. This could be attributed 
to sequence differences in each arm, which affects the cleav- 
age efficiency of each labeled strand. The results obtained 
using the denaturing gel separation, shown in Figure 7C, 
support this possibility since the preferred cleavage sites in 
each strand differed, being located 2-14 nt to the 5' side of 
the junction on all four arms (Figure 7C and 7D). Thus, hu- 
man MUS81-EME2 isolated from E. coli cleaves iHJ on the 
5' side near the junction, in keeping with results obtained 
with other Mus81 complexes (31,36,37). 

The regulatory subunit is important for HJ resolvase activity 

Previously, it was shown that a truncated recombinant hu- 
man MUS81-EME1 complex, containing the C-terminal 
fragments of MUS81 (amino acid 260-551) and EMEl 
(amino acid 244-571), catalyzed the resolution of iHJ struc- 
ture into linear duplex products (38). In contrast, the recom- 
binant full-length MUS81-EME1 complex, purified from 
E. coli, was poorly active with the same substrate (20). Since 
EMEl is larger than EME2, but shares high homology with 
EME2 at the C-terminus, it is possible that the bulky N- 
terminal region of EMEl prevents the resolution of iHJ 
substrates by the MUS81-EME1 complex by imposing a 
steric hindrance during its binding to iHJ structure. To test 
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this notion, we prepared human MUS81-EMEl(244-583), 
a mutant MUS81 complex containing a N-terminally trun- 
cated EMEl fragment (amino acids 244—583). 

The human MUS81-EMEl(244-583), MUS81-EME1 
and MUS8 1 -EME2 complexes all isolated from E. coli were 
analyzed for their ability to cleave nHJ and iHJ substrates 
as shown in Figure 8. Incubation of the nHJ substrates with 
increasing amounts (12, 25 and 50 fmol) of each complex 
revealed that MUS81-EME2 cleaved nHJ more efficiently 
than wild-type MUS81-EME1 and MUS8 1 -EMEl (244- 
583) (Figure 8A and B). MUS81-EMEl(244-583) and wild- 
type MUS81-EME1 cleaved the nHJ substrate with nearly 
identical but lower rates (Figure 8A, lanes 2-4 and 5-7; Fig- 
ure 8B). In keeping with the result above, MUS81-EME2 
cleaved nHJ efficiently (Figure 8A, lanes 8-10). We obtained 
nearly identical results with 3'F substrates (data not shown). 
When we tested the iHJ substrate, only MUS81-EME2 
cleaved this iHJ substrate (Figure 8C and D). In contrast, 
MUS81 -EMEl (244-583) and MUS81-EME1 cleaved iHJ 
poorly (Figure 8C, lanes 2-4 and 5-7; Figure 8D). These 
results indicate that truncation of the N-terminal fragment 
does not influence the cleavage efficiency of the MUS81- 
EMEl complex and that HJ-resolvase activity of MUS81- 
EME2 is critically dependent on the EME2 subunit. 



DISCUSSION 

In this study, we presented experimental data indicating that 
the human MUS81-EME2 complex possesses two intrin- 
sic enzymatic activities distinct from other known Mus81 
complexes including human MUS81-EME1. Unmodified 
recombinant MUS81-EME2 and MUS81-EME1 isolated 
from E. coli differ from each other in substrate specificity, 
the former being able to resolve iHJ and nDS/gDS DNA. 
Previously, it was shown that a recombinant human com- 
plex consisting of N-terminally truncated fragments of both 
MUS81 and EMEl displayed enhanced activity for iHJ 
substrates compared to the full-length wild-type complex 
in vitro. The cleavage efficiency of this truncated version 
of MUS81 complex was still much lower with iHJs than 
with nHJs. However, the nHJ/iHJ-cleavage ratio was sig- 
nificantly increased (~3-fold) when an immunoprecipitated 
endogenous complex was used as the enzyme source (38). 
When we carried out assays with MUS81-EME2 using in- 
tact and nHJs as substrates, the nHJ/iHJ-cleavage ratio was 
'^3, similar to that obtained with the immunoprecipitated 
endogenous MUS81 complex. Thus, one interpretation is 
that the increased activity of MUS8 1 could be attributed to 
the MUS81-EME2 complex presence in the immunopre- 
cipitated materials. However, it is equally possible that the 
robust MUS81 activity observed in the immunoprecipitates 
was due to the phosphorylated and, hence, activated form of 
MUS81-EME1 as shown by Dr West and his colleagues us- 
ing yeast Mus81-Mms4 (39,40). The recent findings by the 
same group also suggest a third scenario; MUS81-EME1 
is associated with SLX1-SLX4, another structure-selective 
endonuclease at the G2/M transition in response to phos- 
phorylation of EMEl and SLX4, forming a stable SLX- 
MUS holoenzyme that catalyzes more efficient and coor- 
dinated cleavage of HJs (41). 



Recently, various forms of human recombinant MUS81- 
EME1/EME2 complexes from E. coli were prepared in 
order to assess the influence of the winged helix (WH; 
residuesl28-250) domain of human MUS81 on the incision 
activities of the two complexes (42). Differences in reaction 
conditions (25°C versus 37°C; 90 versus 30 min; 5 versus 1- 
mM Mg^"^) and the amount of enzymes (25 versus 10 fmol) 
and substrates (90 versus 1 5 fmol) used have made it difficult 
to directly compare specific activities of wild-type MUS81- 
EMEl and MUS81-EME2 complexes from the two labora- 
tories. However, we noted that the cleavage of iHJ observed 
with MUS81-EME2 by McDonald and his colleagues is not 
as noticeable as we observed (42). This is most likely due 
to the higher concentrations of Mg-"^ used. We found that 
the cleavage of iHJ is rather inhibited in the presence of 
higher concentrations (>4 mM) of Mg^^ (data not shown). 
More importantly, the results in this study revealed that the 
WH domain of MUS81 affected both DNA binding and 
endonuclease activity of MUS81 (42). Some WH proteins 
such as HNF-37 and E2F were shown to bind DNA using 
a canonical DNA interaction that involved major groove 
recognition and phosphodiester binding by the structural 
elements present in the WH domains (43). The highly basic 
WH domain of human MUS81 contained a recognition he- 
lix a3 with several Arg/Lys residues critical for binding near 
junction in the branch substrates (42). It was shown that 
the basic residues (R186, R191 in human, K176, K181 in S. 
ponibe) of MUS8 1 were important for this binding (42). We 
speculate that EME2 in a complex context could affect the 
conformation of the WH domain of MUS8 1 so that the side 
chains of Arg or Lys in the recognition helix a3 can interact 
with a phosphate group at nicks or gaps in duplex DNA. 
This could provide an underlying mechanism by which the 
location and/or the presence of a phosphate group at nicks 
or gaps affects MUS81-EME2-catalyzed cleavage of nDS 
or gDS DNA. 

Although EME2 was first identified a decade ago (19), 
there is still no evidence in the literature to support the no- 
tion that the protein is expressed in human cells. In order 
to address this issue, we performed a real-time quantita- 
tive reverse transcriptase PGR with several pairs of primers 
along with a TaqMan® probe unique to each primer pair 
and found that the EME2 gene is expressed in HeLa cells 
at a transcriptional level (data not shown). In humans, 
EME2 (349 aa), which is much smaller than EMEl (570 
aa), shares considerable similarity with the C-terminal re- 
gion of EMEl. One possible explanation for the unique 
iHJ-cleavage activity of MUS8 1 -EME2 isolated from E. coli 
is that its smaller EME2 subunit may be critical for the com- 
plex to efficiently bind/cleave both the relatively inflexible 
iHJ (including nDS/gDS) and the flexible nHJ structure. 
The larger EMEl subunit may allow the complex to ac- 
cess only more flexible substrates such as nHJ. As shown 
in Figure 8, the MUS81 complex containing a truncated 
EMEl subunit, similar in size to EME2, failed to cleave iHJ 
as well as nDS/gDS substrates. These findings suggest that 
the EME2 subunit is essential for iHJ-cleavage activity ob- 
served in conjunction with the catalytic MUS81 subunit. 

We showed that human MUS81-EME2 has intrinsic HJ 
resolution activity as well as nicked or gapped linear du- 
plex cleavage activity. Low levels (<20 fmol) of MUS81- 
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Figure 8. The C-terminal EMEl fragment does not substitute for EME2. Endonuclease assays were performed as described in the Materials and Metliods 
section using nHJ (A) and iHJ (C) substrates. A fixed amount (15 fmol) of DNA substrate was incubated for 60 min at 37°C with increasing amounts (12, 
25 and 50 fmol) of MUS81-EMEl(244-583), MUS81-EME1 and MUS81-EME2. DNA substrates used are shown at the top of the gel. The amount of 
cleavage products is indicated at the bottom of the gel. (B) and (D) The amount of cleavage products formed in panels (A) and (C), respectively, was plotted 
against the amount of each MUS81 complex used. 
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EME2 cleaved iHJ substrates efficiently, whereas high lev- 
els (-100 fmol) of MUS81-EME1 cleaved neither the iHJ 
nor the nDS substrate. The enzymatic properties of the 
well-studied human recombinant MUS81-EME1 complex 
are shared with all known recombinant Mus8 1 complexes, 
thus being functional orthologs. Our results suggest that 
MUS81-EME2 in mammalian cells may play a more ver- 
satile role than MUS81-EME1 in DNA repair and repli- 
cation for the following reasons: (i) the specific activity of 
MUS81-EME2 is significantly higher (> 5-fold) than that 
of MUS81-EME1 (20). (ii) MUS81-EME2 could be more 
abundant than MUS81-EME1, based on the immunopre- 
cipitated materials obtained in the immnunoprecipitation 
experiment described above. To confii^m this, the relative 
abundance of the two MUS81 complexes needs to be de- 
termined, (iii) Resolution of iHJ or nHJ by MUS81-EME2 
produces various products including short 5' flap, nDS 
or gDS structures, some of which are substrates that can 
be converted further into DSB by MUS81-EME2. As de- 
scribed above, the cleavage of an nDS/gDS by MUS81- 
EME2 was suppressed by the presence of 5' phosphate at 
the nick. This type of discontinuity in DNA can be readily 
repaired by extension, followed by DNA ligation. In keep- 
ing with this notion, the cleavage of nDS by MUS81-EME2 
was unaffected by the presence of a phosphoryl group at 
the 3' end of a nick. Thus, MUS81-EME2 is a more versa- 
tile enzyme than MUS81-EME1 and well-suited to process 
a number of aberrant DNA structures for subsequent re- 
pair pathways, (iv) Finally, MUS81-EME2 can process a di- 
verse form of RFs, which is an important property required 
to rescue stalled or collapsed RFs. MUS81-EME2 cleavage 
reactions yield 5' overhang partial duplex products from 
lagging strand regressed RF (Rla) and a slower migrating 
product, which is less prominent than the 5' overhang du- 
plex product on a native gel (Figure 3B). When we analyzed 
the structure of the slow-migrating products, we found that 
they were gDS structures with 5' flaps; such structures were 
generated by cleavage at the third strand that is fully du- 
plexed with other strands, in keeping with a previous report 
(10). These data indicate that MUS81-EME2 is suitable to 
repair stalled and regressed RFs during DNA replication. 
In support of this notion, it was reported that DSB forma- 
tion and subsequent recovery of stalled RFs were reduced 
in Mus81 -deficient mouse embryonic stem cells (44). 

Previously, it was shown that human MUS81-EME1 pre- 
pared from mammalian cells cleaved mobile HJ to lim- 
ited extents (19,31,45). We also examined whether MUS81- 
EME2 isolated from E. coli cleaved mobile iHJ more ef- 
ficiently than static iHJ. The mobile HJ substrate differed 
from the static HJ in that it contained a 10-bp homologous, 
and thus branch-migratable, region at its junction core. We 
found no significant difference in cleavage efficiency with 
MUS81-EME2 (data not shown). This resuh indicates that 
MUS81-EME2 isolated from E. coli acts in a structure- 
selective manner and does not depend on a migratable junc- 
tion. We showed in this study that MUS81-EME2 displayed 
stronger activities in vitro for many types of DNA structures 
compared to MUS81-EME1; this holds true for recombi- 
nant MUS8 1-EMEl /2 complexes purified from E. coli that 
lack any post-translational modifications such as phospho- 
rylation. Recent findings that CDK/PLKl-mediated phos- 



phorylation of MUS81-EME1 activated enzymatic activi- 
ties, directly or indirectly, via its association with SLXl- 
SLX4 (41) suggest the possibility that MUS81-EME1 could 
play a more important role in a certain, not all, aspect 
of DNA metaboHsms than MUS81-EME2. The fact that 
both human MUS81 complexes share great similarity in 
enzymatic properties and substrate specificity suggests that 
MUS81-EME2 appears simply a more active version of 
MUS81-EME1. Considering that MUS81-EME1 activity 
is markedly stimulated by phosphorylation, the regulated 
enhancement of MUS81-EME1 may not be of much use 
particularly in the presence of a similar enzyme, but with 
much stronger activity. This rationale is also in keeping with 
the notion that they may differ at least in spatial and tem- 
poral regulation and thus in their physiological function. As 
human cells have two distinct MUS81 complexes, it would 
be important to determine the precise physiological roles in 
vivo of each complex in DNA transactions and how these 
two complexes are regulated. The availability of knock-out 
mice lacking either EMEl or EME2 may help answer these 
important questions. 
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